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Description 

Background of the invention 

This invention relates to a novel elec- 
trodeionization apparatus and method adapted to 
transfer ions in a liquid under the influence of a 
polar field. More specifically, this invention relates 
to an electrodeionization apparatus and method 
adapted to purify aqueous liquids to effect the 
production of high purity water. 

The purification of a liquid by reducing the 
concentration of ions or molecules in the liquid has 
been an area of substantial technological interest. 
Many techniques have been used to purify and 
isolate liquids or to obtain concentrated pools of 
specific ions or molecules from a liquid mixture. 
The most well known processes include elec- 
trodialysis, liquid chromatography, membrane filtra- 
tion and ion exchange. A lesser known method- 
ology is electrodeionization, occasionally mister- 
med filled cell electrodialysis. Although elec- 
trodeionization has the potential to be quite effec- 
tive in removing ions from liquid, it has never been 
developed to the degree that it is competitive either 
structurally or operationally with the better known 
separation techniques. This is due primarily to the 
inconsistencies of structural design and unpredict- 
able variances incurred by the presently known 
modes of use. This lack of structural design preci- 
sion and nonpredictability of results have reduced 
the use of electrodeionization to the point where it 
is relatively unknown even to practitioners skilled in 
separation methodologies. 

The first apparatus and method for treating 
liquids by electrodeionization was described by 
Kollsman in U.S. Patent Nos. 2,689,826 and 
2,815,320. The first of these patents describes an 
apparatus and process for the removal of ions 
within a liquid mixture in a depleting chamber 
through a series of anionic and cationic diaphragms 
into a second volume of liquid in a concentration 
chamber under the influence of an electrical poten- 
tial which causes the preselected ions to travel in a 
predetermined direction. The volume of the liquid 
being treated is depleted of ions while the volume 
of the second liquid becomes enriched with the 
transferred ions and carries them in concentrated 
form. The second of these patents describes the 
use of macroporous beads formed of ion exchange 
resins as a filler material positioned between the 
anionic or cationic diaphragms. This ion exchange 
resin acts as a path for ion transfer and also serves 
as an increased conductivity bridge between the 
membranes for the movement of ions. These pat- 
ents represent the primary structural framework 
and theory of electrodeionization as a technique. 
The term electrodeionization refers to the process 



wherein an ion exchange material is positioned 
between the anionic and cationic diaphragms. The 
term electrodialysis relates to such a process 
which does not utilize ion exchange resins between 

5 the anionic and cationic diaphragms. Despite the 
fact that the Kollsman technique has been available 
for over 25 years, this technology has not been 
developed even to the point of practical use. This 
is due in no small part to the lack of structural 

w designs and the unavailability of operational mode 
parameters which afford reliable operation of the 
electrodeionization apparatus. Illustrative of prior art 
attempts to use the combination of electrodialysis 
and ion exchange materials to resins to purify 

75 saline from brackish water are described in U.S. 
Patent Nos. 2,794,777; s,796,395; 2,947,688; 
3,384,568 and 4,165,273. Attempts to improve 
electrodeionization apparatus are shown in U.S. 
Patent Nos. 3,149,061; 3,291,713; 3,515,664; 

20 3,562,1 39; 3,993,51 7 and 4,284,492. 

Despite the contributions represented by these 
patents, this prior art has not producted reliable 
electrodeionization apparatus. The typical resin 
fouling and membrane scaling problems of elec- 

25 trodeionization remain unalleviated. These elec- 
trodeionization apparatus remain unsuitable for de- 
salination or for the production of high purity water. 
Hard waters, silica-containing waters and highly 
saline brackish waters, and waters containing col- 

30 loidal particles and foulants still represent liquids 
that cannot be consistently and reliably purified by 
presently known electrodeionization apparatus and 
modes of operation. Extensive maintenance and 
cleaning of these apparatus remain necessary, the 

35 quality and volume of the purified liquids remain 
erratic and the ability to produce at least 1 meg- 
ohm centimeter quality water consistently and in 
sufficient volume remain unachieved. 

U.S. Patent No. 4,632,745 discloses an elec- 

40 trodeionization apparatus including depletion com- 
partments divided into subcompartments having a 
width between 0.3 and 4 inches and a thickness 
between 0.05 and 0.25 inch. It was found that when 
utilizing this apparatus, efficient ion removal from 

45 the depletion compartment is attained while requir- 
ing only low energy and while avoiding channeling. 

The electrodeionization apparatus of U.S. Pat- 
ent No. 4,632,745 can employ one or more, e.g. 
two hydraulic stages with two separate independent 

50 electrical stages, an hydraulic stage comprises a 
given number, e.g. 30, of cell pairs in which a 
volume of water flows through. A cell pair com- 
prises a cation and anion membrane which are 
bonded to a dilute spacer containing ion exchange 

55 resin as well as a concentrate spacer. An electrical 
stage comprises one anode and one cathode elec- 
trode which enclose the hydraulic stage. A one- 
stage stack design is employed for low salinity 
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feed water, whereas a two-stage stack design can 
be employed for high salinity water. The purpose 
of a two-stage design is to obtain the maximum 
salt removal in the first stage without inducing 
polarization which is an inefficiency resulting in 
stream pH shifts. The upward pH shift of the con- 
centrate stream will result in scaling if calcium or 
magnesium ions are present in the feed water to 
the stack. Maximum salt removal in the first stage 
without inducing polarization is about 80 percent. 
The product water from the first stage is fed into 
the second stage where the remaining salt (about 
20%) is removed to obtain meg-ohm product qual- 
ity. The water being deionized is passed between 
each cell pair only once without changing flow 
direction, the overall design guards against scaling 
in the first stage while optimizing the overall salt 
removal, membrane utilization and energy require- 
ment. In comparison, electrodialysis cannot product 
meg-ohm quality water because it is inefficient in 
the low salinity range and requires more membrane 
area and energy. It would be desirable to provide 
an electrodeionization apparatus and method which 
provides improved ion removal efficiency as com- 
pared to presently available apparatus. 

Summary of the invention 

The present invention provides an elec- 
trodeionization method and apparatus for producing 
purified water of up to 10 meg-ohm centimeter 
quality or higher over long time periods while 
avoiding serious reduction of ion exchange resin 
performance and avoiding the formation of par- 
ticulates and scale within the electrodeionization 
apparatus. The electrodeionization apparatus in- 
cludes a plurality of electrodeionization compart- 
ments whose thickness, width and configuration are 
controlled and which contain ion exchange materi- 
als such as beads, fibers or the like. The elec- 
trodeionization ion depleting compartments wherein 
liquid is depleted of ions are formed from a spacer 
having a hollow central portion divided by ribs or 
the like to define subcompartments. The ion ex- 
change resin beads within the subcompartments 
are retained in the subcompartments by bonding or 
physically restraining a cationic permeable mem- 
brane to one surface of the depleting compart- 
ments and to the ribs and bonding or physically 
restraining an anionic permeable membrane to the 
opposing surface of the depleting compartment to 
the ribs, thereby to define the subcompartments. 
The concentration compartments into which ions 
migrate from the depleting compartments are free 
of ion exchange beads. The electrodeionization ap- 
paratus can comprise a single stage or a plurality 
of stages in series wherein the process voltage can 
be controlled independently in each stage, if de- 



sired. The ion depleting compartments and the 
concentration compartments in each stage are po- 
sitioned between an anode and a cathode. Each 
stage contains at least one pair of ion depleting 

5 compartments. The water to be purified passes 
through at least two ion depletion compartments in 
each stage. Improved efficiency in removing ions 
from the water to be purified is attained by employ- 
ing multiple passes with changing flow directions 

w within a single stage as compared to utilizing a 
single pass of a length equal to that of the sum of 
the length of the multiple passes within each stage. 

Brief description of the drawing 

75 

Figure 1 is an exploded view of an elec- 
trodeionization apparatus of this invention. 

Figure 2 is a schematic view illustrating the 
operation of the apparatus of this invention. 
20 Figure 3 is a pictorial view of an electrode 

structure useful in the apparatus of this invention. 

Figure 4 is a pictorial view of a spacer con- 
struction positioned adjacent an electrode of the 
apparatus of this invention. 
25 Figure 5 is a pictorial view of a flexible spacer 

construction which includes the concentration 
chambers of the apparatus of this invention. 

Figure 6 is a pictorial view showing the deple- 
tion chambers of the apparatus of this invention. 
30 Figure 7 is a detailed view of the liquid inlet 

means to the structure of Figure 6. 

Figure 8 is a schematic diagram of one method 
describe in Example 1. 

Figure 9 is a schematic diagram of a second 
35 method described in Example 1. 

Detailed description of specific embodiments 

In accordance with this invention, an elec- 

40 trodeionization apparatus is provided wherein each 
electrodeionization electrical stage includes an an- 
ode and a cathode, and their compartments, a 
series of concentration compartments and a series 
of depletion compartments that contain an ion ex- 

45 change material such as a mixture of anion ex- 
change resin and cation exchange resin. The de- 
pletion compartments are arranged and are pro- 
vided with inlet and outlet means so that water to 
be purified is passed through at least two depletion 

so compartments between a given set of anode and a 
cathode in each stage. Improved ion removal effi- 
ciency is attained with the multiple pass process of 
this invention as compared to a process wherein 
water to be purified is passed through one deple- 

55 tion compartment in each stage having a length 
equal to the combined lengths of the multi deple- 
tion compartments in each stage. The depletion 
compartments are formed so that the ion exchange 
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resin mixture is housed within independent discrete 
subcompartments each of which has a width of 
about four inches or less, preferably between 1 .27 
cm and 3.81 cm. The discrete subcompartments 
are formed by securing, such as by bonding both 
the anion permeable membrane and the cation 
permeable membrane to the periphery of the de- 
pletion compartment and to ribs which extend 
across the thickness of and along the entire length 
of the depletion compartment so that each sub- 
compartment is defined by a pair of ribs, the anion 
permeable exchange membrane and the cation 
permeable membrane. It has been found, in accor- 
dance with this invention that the thickness and 
width of the depletion compartments are critical to 
achieving efficient operation of the elctrodeioniza- 
tion apparatus. The solid ion exchange material 
positioned within the subcompartments are con- 
strained from moving between subcompartments 
by the ribs and ion permeable membranes. Repre- 
sentative suitable solid ion exchange materials in- 
clude fibers or beads or the like. When employing 
ion exchange beads, typical bead diameter is 0.102 
cm or less, preferably between 0.084 cm and 0.030 
cm inches in diameter (0.3-0.8 mm wire mesh). 

The electrodeionization apparatus can com- 
prise one or a plurality of stages. In each stage, an 
anode is positioned at an opposite end of a stack 
of depleting and concentrating compartments from 
an end at which a cathode is positioned at an 
opposite end of a stack of depleting and con- 
centrating compartments from an end at which a 
cathode is positioned. Each anode and cathode is 
provided with an adjacent electrode spacer and an 
ion permeable membrane wherein an electrolyte 
passes through the electrode spacer The remaining 
portion of each stage comprises a series of al- 
ternating depletion and concentrating compart- 
ments constructed as set forth herein. The liquid to 
be depleted of ions can be passed in parallel 
through each depleting compartment in each stage 
in order to effect removal of ions from the first 
liquid in the depleting compartments into the sec- 
ond liquid in the concentrating compartments. In 
any event the liquid to be purified must be passed 
through at least two depletion compartments in 
each stage. The direction of flow within the deple- 
tion compartments is not critical and can be in the 
same direction or in an opposite direction to the 
flow in an adjacent compartment or concentration 
compartment. When a plurality of stages are uti- 
lized, the liquid removed for the depleting compart- 
ments in an upstream stage can be directed in 
series into the depleting compartments in the next 
adjacent downstream stage. Alternatively, feed wa- 
ter can be directed in a counter flow arrangement 
in depleting compartments comprising a second 
stage. Electrolyte can be passed through the spac- 



er adjacent each electrode in the electrodeioniza- 
tion apparatus and is removed from the elc- 
trodeionization apparatus. 

As stated above it is essential that the subcom- 

5 partment in the depleting compartments have a 
controlled thickness and width in order to sustain 
high efficiency for ion depletion over long periods. 
The thickness of the subcompartment should be 
between 0.635 cm and about 0.127 cm, preferably 

w between 0.152 cm and 0.3 cm x 17. the width of 
the subcompartment should be between 0.762 cm 
and 10.16 cm, preferably between 1.27 cm and 
3.81 cm. There is no limit on the length of the 
compartment other than as dictated by practical 

75 construction and fluid pressure loss considerations. 
Obviously, the longer the subcompartment length, 
the greater the ion removal from the liquid therein. 
Generally, the length of the subcompartments are 
between 12.7 cm and 177.8 cm. The subcompart- 

20 ments can contain 100% anion exchange material, 
100% cation exchange material or a mixture of the 
two. When it is desired to remove only a particular 
anion or particular cation, 100% of the appropriate 
ion exchange material issued. Usually it is desired 

25 to remove both cations and anions in order to 
produce a purified liquid product, when utilizing 
strong acid-base resin materials such as beads, the 
ratio of anion exchange resin beads to cation ex- 
change resin beads generally are about 60 to 40 

30 by volume. By utilizing the subcompartment struc- 
ture in the depleting compartments, efficient mixing 
of the liquid and the beads therein is attained while 
avoiding channeling of the liquid through the de- 
pleting compartments as well as avoiding compac- 

35 tion or movement of the beads within a portion of 
the volume of the depleting compartment. Thus, 
efficient interchange of the ions and the liquid in 
the depleting compartment with the ions in the 
beads to effect ion removal from the liquid in the 

40 depleting compartment is attained. Furthermore, it 
has been found that by controlling the geometry of 
the subcompartment as set forth herein and the 
use of multiple depletion compartments in each 
stage relatively low energy requirements for the 

45 electrodeionization apparatus can be utilized even 
over long periods to attain desired liquid purity. 

Referring to Figure 1, the electrodeionization 
apparatus 10 comprises one stage 12 bounded by 
electrode 9 and electrode 11. The stage 12 in- 

50 eludes an end plate 13 having an expandable blad- 
der 15 and an inlet 16 for fluid to expand the 
bladder 15. Adjacent the endplate 13 is an end- 
block 17 to house electrode 9 and provide desired 
manifolding. An electrode spacer 18 is positioned 

55 adjacent to the end block 17 and includes a screen 
19 which effects turbulent flow of liquid passing 
through the electrode spacer 18. An ion permeable 
membrane 20 is sealed to the periphery 21 of 
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electrode spacer 18. Spacers 22 formed of flexible 
material include a screen 24. The spacers 22 and 
screens 24 comprise the concentrating compart- 
ments of the electrodeionization apparatus of this 
invention, the depleting compartment structures of 
this invention comprise an ion permeable mem- 
brane 26, a spacer formed of rigid material 28 and 
an ion permeable membrane 30. The ion per- 
meable membranes 26 and 30 are sealed to the 
periphery 32 of the spacer 28 on opposite surfaces 
of the spacer 28. Mixed ion exchange resin beads 
34 are housed within a central space which in- 
cludes ribs (not shown) and are retained therein by 
the membranes 26 and 30. Liquid to be purified 
within stage 12 is passed through at least two units 
comprising spacer 22 and 28 and membranes 26 
and 30. The units which comprise spacers 22 and 
28 and membranes 26 and 30 are repeated usually 
between about 5 and 100 times in order to provide 
reasonable liquid flow through capacity in stage 12. 
A spacer 38 formed of flexible material and screen 
24 plus an ion exchange membrane 40 from the 
end concentrating compartment. An electrode 
spacer 42 is positioned adjacent the end plate 44 
and electrode 11. End plate 50 is provided with 
flexible bladder 52 which is inflated by fluid pass- 
ing through conduit 54. Bolts 56, 58 and 60 as well 
as a fourth bolt (not shown) extend along the entire 
length of the apparatus 10 to retain the apparatus 
elements in place. 

Referring to Figure 2, the flowpaths of the 
liquids in the various compartments are explained. 
Liquid to be purified enter inlet 62, passes through 
depletion compartments 28, is then passed through 
a second depletion compartment 28 flowing in the 
compartment 28 and is recovered from outlet 64. It 
is to be understood that liquid flow through the 
depletion compartments can be in one direction in 
each stage. Also, the liquid can be made to flow 
through more than two depletion compartments in 
each stage. In addition, the liquid effluent from a 
depletion compartment can be split into multiple 
stream and then passed through a second set of 
depletion compartments. Concentrating liquid is 
passed through outlet 66 through concentrating 
compartments 22 and thence through outlet 68 to 
drain. Liquid electrolyte is circulated through elec- 
trode compartments 19 and 42 from inlets 70 and 
is discarded to drain through outlets 72. 

Referring to Figure 3, the electrode structure is 
shown which comprises a rigid block 44 and an 
electrode 11. The block 44 is provided with elec- 
trolyte feed inlet 82 (not shown on the drawing) and 
electrolyte waste outlet 72. Electrode 1 1 includes a 
connector 85 which contacts the exterior electrical 
connection 87 as shown in the detail portion of 
Figure 3. The block 44 includes an inlet 62 and 
outlet 64 for depletion compartments and inlets 65 



and 66 and outlets 63 and 68 for concentration 
compartments. 

Referring to Figure 4, the electrode spacer 67 
includes electrolyte inlet 70 and electrolyte outlet 

5 72 and a screen 90 for effecting turbulence of 
liquid passing therethrough. 

Referring to Figure 5, the spacer formed of 
flexible material, e.g. spacer 38, includes a liquid 
inlet 66 and a liquid outlet 68 which provide liquid 

w communication to the interior of spacer 38 in which 
is positioned a screen 95 in order to effect turbu- 
lent liquid flow. The outlet 64 permits passage of 
liquid into the adjacent depleting compartments 
and inlet 62 permits liquid removal from the adja- 

75 cent depleting compartments without admixture of 
the purified liquid with the liquid in the concentrat- 
ing compartment formed in spacer 38. 

Referring to Figures 6 and 7, the structure of 
the depleting compartments of this invention is 

20 shown in detail. The depleting compartment com- 
prises a rigid spacer, e.g. spacer 28, and an anion 
permeable membrane 30 and cation membrane 26. 
The ion exchange materials 34 are housed within 
subcompartments formed by the membranes 26 

25 and 30, the wall 105 and the ribs 99. The mem- 
branes 26 and 30 are sealed along their entire 
length to wall 105 and ribs 99. The membranes 26 
and 30 are also sealed to the periphery of the rigid 
spacer 28 so that the individual subcompartments 

30 98 are effectively isolated from each other. Liquid 
to be purified enters inlets 101 and into the sub- 
compartments 98 wherein they are subjected to an 
electrical voltage in order to pass anions through 
membrane 30 and cations through membrane 26. 

35 The purified liquid then passes through outlets 102 
and spacer outlet 64 wherein it is collected in 
accordance with the explanation of Figure 2. 

In one aspect of this invention, the liquid to be 
purified can be pretreated prior to the elec- 

40 trodeionization to remove specific contaminants 
such as organics. A softener-scavenger system can 
be employed wherein the softener can include a 
cation exchange resin and/or an anion exchange 
resin to remove specific ions, the scavenger can 

45 comprise an anion exchange resin in order to re- 
move foulants that foul the anion resin such as 
organics, including tannins, humic acids, fulvic ac- 
ids and lignins. The ion exchange resins can be 
regenerated with brine (NaCI) efficiently and sim- 

50 ply. 

Any anion membrane or cation permeable 
membrane having the strength to withstand the 
operating pressure differential, typically up to 34.3 
kPa, can be utilized in the present invention. It 
55 should be pointed out that sealing of the mem- 
branes to the ribs forming the subcompartments 
permits the use of higher operating pressures and 
enhances the apparatus of the prior art since the 
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assembly strength is thereby increased. Repre- 
sentative suitable anion permeable membranes in- 
clude a homogeneous type web supported styrene- 
divinylbenzene based with sulfonic acid or quarter- 
nary ammonium functional groups sold under the 
identifications CR61-CZL-386 and AR 103-QZL-386 
by Ionics Inc.; a heterogeneous type web sup- 
ported using styrene-divinylbenzene based resins 
in a polyvinylidene fluoride binder sold under the 
identifications MC-3470 and MA-3475 by 
Sybron/ionac; homogeneous type unsupported sul- 
fonated styrene and quarternized vinylbenzylamine 
grafts of polyethylene sheet sold under the name. 
Raipore by RAI Research Corporation; a homo- 
geneous type web supported styrene-divinylben- 
zene based with sulfonic acid or quarternary am- 
monium functional groups sold under the name 
Neosepta by Tokuyama Soda Co, Ltd.; a homo- 
geneous type web supported styrene-divinylben- 
zene based with sulfonic acid or quarternary am- 
monium groups sold under the name Aciplex by 
Asahi Chemical Industry Co. Ltd. 

The following example illustrates the present 
invention and is not intended to limit the same. 

Example 1 

This example illustrate the improved separation 
efficiency obtained with the electrodeionization ap- 
paratus of this invention utilizing multiple passes 
through depletion compartments in a separation 
stage as compared to an electrodeionization ap- 
paratus utilizing a single pass through a depletion 
compartment in a separation stage. 

Two separation stacks were assembled for the 
comparative testing. The first stack contained two 
66 cm long dilute cells arranged in parallel and 
sandwiched between one concentrate spacer and a 
pair of electrode spacers and electrodes (see Fig- 
ure 8). Two diluting cells were used in parallel to 
help minimize possible error. The second stack 
contained four 33 cm long dilute cells arranged to 
obtain two parallel two pass configurations (see 
Figure 9). the three concentrate spacers were ar- 
ranged for parallel flow and the cells were bound 
by electrode spacers and electrodes. 

New membranes and new ion exchange resins 
were used in both stack assemblies. The two 
stacks were run simultaneously on the same liquid 
feed and with the same type power supplies. Data 
was collected at approximately the same time. Four 
series of tests were made and the test conditions 
are described under each series. 

Series A tests 

Test conditions: Feed 295 uS sodium chloride, 
temperature 18* C, power source Condor 9 Volt, 1 



Amp calculator battery charger (non-variable). 

Di denotes dilute from 66 cm long flow path; 

Ci denotes concentrate from 66 cm long flow 
path. 

5 D 2 and C2 denote dilute and concentrate from 

33 cm long flow path and lj; 2 ; Ei, E 2 denote 
amperage and voltage respectively. 

The percent water recovery is expressed as R1 
and R 2 . 

10 

Test I 

The feed flow rate into each stack was ad- 
justed at 400 ml/min and at steady operation the 
75 pertinent parameter were: 

h = 0.9A; E1 =9.4V; D1 =11.2 uS; C 1 =580 u s : ri=6?% 
l 2 =0.47A; E 2 = 11.2V; D 2 = 1.5 uS; (^=1220 uS; 

R 2 =67% D 2 exceeds Qi water quality by 7.5X. 

20 Test II 

Same as Test I with feed flow adjusted to 300 
ml/min and at steady operation the pertinent pa- 
rameters were 

25 li=0.73A; Ei=9.7V; D1 =10.0 US; C1 =600 uS; 
R1 = 67% l 2 = 0.43A; E 2 = 1 1 .4V; D 2 = 0.5 tiS; 
C2 = 1450 uS; R 2 =77% D 2 exceeds D1 water quality 
by 20X. 

30 Test III 

Same as Test I at a feed flow rate adjusted to 
500 ml/min to each stack and at a steady operation 
the pertinent parameters were: 
35 li=1.09A; Ei=8.7V; DH5.5 uS\ C1 =600 M.S; 
R1 =68% l 2 =0.55A; E 2 = 10 .8v; 02 =2.9 uS; C 2 = 1300 
US; R 2 =80% D 2 exceeds D1 water quality by 5X. 

Series B tests 

40 

Test conditions: same as Series A but with a 
condor 12 volt Amp calculator battery charger 
(non-variable). 

45 Test IV 

The feed flowrate into each stack was adjusted 
to 500 ml/min and at steady operation the pertinent 
parameters were: 
50 I1 =1.21 A; E1 = 10.2V; D1 =14.0 uS; C1 =535 uS; 
R1 = 68% l 2 = 0.640; E 2 = 1 3.6V; D 2 = 0.65 uS; 
O2 = 1350 uS; R 2 =78% D 2 exceeds D water qual- 
ity by 21 .5X. 

55 Test V 

Same as Test IV at a feed flow rate to each 
stack adjusted to 400 ml/min and a steady opera- 
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tion. The pertinent parameters were: 
h=1.1A; Ei = 12.7V; Di=10.5 US; Ci =600 uS; 
Ri = 68% l 2 = 0.59A; E 2 -1 3.9V; D 2 = 0.3 uS; 
C 2 = 1350 uS; R 2 =78% D 2 exceeds Di water qual- 
ity by 35X. 

Series C Tests 

Test conditions: Feed 225 umhos mixture of 
sodium chloride and sodium bicarbonate at ap- 
proximately the same milligrams per liter; tempera- 
ture 18° C; power source 9 Volts, 1 Amp supply 
used in Series A tests. 

Test VI 

The feed flow rate to each stack was adjusted 
to 400 ml/min and at steady operation the pertinent 
parameters were: 

h=0.81A; Ei=10.0V; Di =6.5 uS; Ci =450 uS; 
Ri = 68% l 2 = 0.46A; E 2 = 1 1 .4V; D 2 = 0.24 uS; 
C 2 = 1100 uS; R 2 =77% D 2 exceeds Di water qual- 
ity by 27X. 

Test VII 

Same as Test VI at a feed flow rate to each 
stack adjusted to 500 ml/min and a steady opera- 
tion. The pertinent parameters were: 
h=0.91A; Ei=9.6V; Di =9.0 uS; Ci =485 uS; 
Ri=72% l 2 =0.50A; E 2 = 11.3V; D 2 =1.65 uS; 
Cj> = 1000 uS; R 2 =78% D 2 exceeds Di water qual- 
ity by 5.5X. 

Test VIII 

Same as Test VI at a feed flow rate to each 
stack adjusted to 300 ml/min and at steady opera- 
tion the pertinent parameters were: 
li=0.70A; Ei= 10.4V; Di =8.0 uS; Ci =500 uS; 
Ri = 67% l 2 = 0.41 A; E 2 = 1 1 .6V; D 2 = 0.22 uS; 
C2 = 1100 M.S; R 2 =77% D 2 exceeds Di water qual- 
ity by 36X. 

Series D Tests 

Test conditions: Same feed as in Series C; 
power source was changed to tow similar variable 
supplies. 

Test IX 

Feed flow rate to each stack was adjusted to 
400 ml/min and the applied cell pair voltage was 
set at 2 volts per cell pair plus 3 volts for the 
electrode voltage. At steady operation the pertinent 
parameters were: 

h=0.64A; E, =7.0V; Di=16.0 uS; Ci =440 uS; 



Ri = 65% l 2 = 0.41 A; E 2 = 1 1 .0V; D 2 = 1 .60 uS; 
C2 =850 uS; R 2 =74% D 2 exceeds Di water qual- 
ity by 10X. 

5 Test X 

Same as Example IX at 3 volts per cell pair. At 
steady operation the pertinent parameters were: 
h=0.75A; Ei=9.0V; Di =9.0 uS; Ci =500 utS; 
10 Ri=65% l 2 =0.52A; E 2 = 15.0V; D 2 =0.70 liS; 
=980 uS; R 2 =74% D 2 exceeds Di water qual- 
ity by 13X. 

In all ten comparative tests with varying feed 
flows, varying applied power and feed mixtures the 

75 33 cm two pass stack exceeded the performance 
of the 66 cm single pass stack. The performance of 
the 33 cm two pass stack was better than the 
single 66 cm stack although the water recovery in 
9 of the 10 tests was higher which resulted in a 

20 higher conductivity concentrate stream. The higher 
conductivity concentrate stream normally results in 
an increase in back diffusions which was not re- 
flected in these tests. 

25 Claims 

1. Electrodeionization apparatus (10) adapted to 
remove ions from a liquid which comprises: 
at least one separation stage (12) comprising a 
30 cathode compartment at a first end of said 

stage (12), 

an anode compartment at an end of said stage 
opposite said first end, 

a plurality of alternating ion depletion compart- 

35 ments (26, 28, 30) and ion concentration com- 

partments (22, 24) being positioned between 
said cathode compartment (11, 28) and said 
anode compartment (9, 28), 
each of said ion depletion compartments com- 

40 prising a spacer (26, 28, 30) and a plurality of 

subcompartments (98) formed by a plurality of 
ribs (99) extending along the length of each of 
said ion depletion compartments (26, 28, 30), 
each of said subcompartments (98) containing 

45 a mixture of anion exchange resin and cation 

exchange resin, each of said subcompartments 
(98) having a width defined by the distance 
between said ribs of between 0,762 cm and 
10,16 cm and a thickness between 0,127 cm 

50 and 0,635 cm and wherein the thickness of 

said subcompartments (98) is defined by the 
distance between an anion permeable mem- 
brane (30) and a cation permeable membrane 
(26) being bonded to each of said ribs (99), 

55 along the length of said ribs (99), and to said 

spacer (28), 

each of said concentration compartments (22, 
24) being free of ion exchange resin, 
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conduit means (62.. .68) for passing a first liq- 
uid to be purified through said ion depletion 
compartments (28) in said stage, 
conduit means (70...72) for passing a second 
liquid for accepting ions from said first liquid 
through said concentration compartments (22, 
24), 

means for applying an electrical voltage be- 
tween an anode (9) in said anode compartment 
and a cathode (11) in said cathode compart- 
ment, characterized in that said separation 
stage (12) includes at least two depletion com- 
partments (26, 28, 30) arranged in series, 
said first liquid is directed to pass serially 
through said at least two depletion compart- 
ments (26, 28, 30) with changing flow direc- 
tions, whereby purified liquid is recovered from 
said depletion compartments (26, 28, 30). 

2. The apparatus in accordance with claim 1 
wherein the width of said subcompartments 
(98) is between 1,27 cm and 3,81 cm. 

3. The apparatus in accordance with claim 1 
wherein the thickness of said subcompartment 
(98) is between 0,1524 cm and 0,3175 cm. 

4. The apparatus in accordance with any of 
claims 1,2 or 3 characterized by including 
means (90) in said concentration compart- 
ments (22, 24) for effecting turbulent flow of 
said second liquid. 

5. The apparatus in accordance with any one of 
claims 1,2 or 3 characterized in that the vol- 
ume ratio of the anion exchange resin to the 
cation exchange resin in said ion depletion 
compartments is between about 2.0 and 0.5. 

6. The apparatus in accordance with any one of 
claims 1 ,2 or 3 comprises two or more separa- 
tion stages (12). 

Patentanspriiche 

1. Vorrichtung (10) zur Elektrodenionisation, die 
dazu eingerichtet ist, lonen aus einer Flussig- 
keit zu entfernen, mit: 

wenigstens einer Trennstufe (12), die eine Ka- 
thodenkammer an einem ersten Ende der Stu- 
fe (12) aufweist, 

einer Anodenkammer an einem dem ersten 
Ende gegenuberliegenden Ende der Stufe, 

einer Anzahl von abwechselnden lonenabrei- 
cherungskammern (26, 28, 30) und lonenkon- 



zentrierungskammern (22, 24), die zwischen 
der Kathodenkammer (11, 28) und der Ano- 
denkammer (9, 28) angeordnet sind, wobei 

5 jede der lonenabreicherungskammern einen 

Abstandshalter (26, 28, 30) und eine Anzahl 
von Unterkammern (98) aufweist, die durch 
eine Anzahl von Rippen (99) gebildet sind, die 
sich langs der Lange jeder der lonenabreiche- 

w rungskammern (26, 28, 30) erstrecken, 

jede der Unterkammern (98) eine Mischung 
aus Anionenaustauscherharz und Kationenaus- 
tauscherharz enthalt und jede der Unterkam- 

75 mern (98) eine Breite, die durch den Abstand 

zwischen den Rippen von 0,762 cm bis 10,16 
cm definiert ist und eine Dicke von 0,127 cm 
bis 0,635 cm hat, und bei denen die Dicke der 
Unterkammern (98) durch den Abstand zwi- 

20 schen einer anionendurchlassigen Membran 

(30) und einer kationendurchlassigen Membran 
(26) definiert ist, die an jeder der Rippen (99) 
uber die Lange der Rippen (99) und an dem 
Abstandshalter (28) angebracht sind, (und) 

25 

jede der lonenkonzentrierungskammern (22, 
24) frei von lonenaustauscherharz ist, 

Leitungsmitteln (62.. .68) zum Fuhren einer zu 
30 reinigenden Flussigkeit durch die lonenabrei- 

cherungskammern (28) in der Stufe, 

Leitungsmitteln (70.. .72) zum FUhren einer 
zweiten Flussigkeit zum Aufnehmen von lonen 
35 an der ersten Flussigkeit durch die lonenkon- 

zentrierungskammern (22, 24), 

Mitteln zum Anlegen von elektrischer Span- 
nung zwischen einer Anode (9) in der Anoden- 
40 kammer und einer Kathode (11) in der Katho- 

denkammer, dadurch gekennzeichnet, da/3 die 
Trennstufe (12) wenigstens zwei Abreiche- 
rungskammern (26, 28, 30), die in Reihe ge- 
schaltet sind, aufweist, sowie 

45 

die erste Flussigkeit dazu gerichtet ist, seriell 
durch die wenigstens zwei Abreicherungskam- 
mern (26, 28, 30) mit wechselnden Flieflrich- 
tungen zu stromen, wodurch gereinigte Flus- 
50 sigkeit aus den Abreicherungskammern (26, 

28, 30) gewonnen wird. 

2. Vorrichtung nach Anspruch 1, bei der die Brei- 
te der Unterkammer (98) zwischen 1,27 cm 

55 und 3,81 cm ist. 

3. Vorrichtung nach Anspruch 1, bei der die Dik- 
ke der Unterkammer (98) zwischen 0,1524 cm 



o 



15 



EP 0 346 502 B1 



16 



und 0,3175 cm ist. 

4. Vorrichtung nach einem der AnsprUche 1, 2 
Oder 3, dadurch gekennzeichnet, dafl sie in 
den Konzentrierungskammern (22, 24) Mittel 5 
(90) zum Erzeugen einer turbulenten Stromung 
der zweiten FlUssigkeit aufweist. 



(22,24) de concentration etant exempt de r£si- 
ne d'echange d'ions, 

des moyens & conduits (62...68) pour faire 
passer un premier liquide k purifier h travers 
lesdits compartiments (28) d'appauvrissement 
en ions dans ledit etage, 



5. Vorrichtung nach einem der AnsprUche 1,2 
Oder 3, dadurch gekennzeichnet, dai3 das Volu- 
menverhaltnis des Anionenaustauscherharzes 
zu dem Kationenaustauscherharz in den lonen- 
abreicherungskammern zwischen 2.0 und 0,5 
liegt. 

6. Vorrichtung nach einem der AnsprUche 1, 2 
Oder 3, die zwei Oder mehr Trennstufen (12) 
aufweist. 

Revendications 

1. Appareil d'electrod^sionisation (10) agence 
pour extraire des ions d'un liquide, qui com- 
porte : 

au moins un eiage de separation (12) compre- 
nant un compartiment de cathode a une pre- 
miere extremite dudit etage (12), 



des moyens a conduits (70.. .72) pour faire 
10 passer un second liquide, pour accepter des 

ions provenant dudit premier liquide, & travers 
lesdits compartiments de concentration 
(22,24), 

75 des moyens pour appliquer une tension eiectri- 

que entre une anode (9) dans ledit comparti- 
ment d'anode et une cathode (11) dans ledit 
compartiment de cathode, caracterise en ce 
que ledit etage de separation (12) comporte au 

20 moins deux compartiments (26,28,30) d'appau- 

vrissement disposes en serie, et 

ledit premier liquide est dirige de mani&re a 
passer en s£rie & travers lesdits deux compar- 
25 timents d'appauvrissement (26,28,30) avec des 

changements de directions d'^coulement, le 
liquide purifie etant recupere h partir desdits 
compartiments d'appauvrissement (26,28,30). 



un compartiment d'anode & une extremite du- 30 
dit etage oppos^e h ladite premiere extremite, 

une pluralite de compartiments (26,28,30) 
d'appauvrissement en ions et de comparti- 
ments (22,24) de concentration en ions alter- 35 
nes, disposes entre ledit compartiment de ca- 
thode (11,28) et ledit compartiment d'anode 
(9,28), chacun desdits compartiments d'appau- 
vrissement en ions comportant un element 
d'espacement (26,28,30) et une plurality de 40 
sous-compartiments (98) formes par une plura- 
lite de nervures (99) s'etendant sur la longueur 
de chacun desdits compartiments (26,28,30) 
d'appauvrissement en ions, chacun desdits 
sous-compartiments (98) contenant un melan- 45 
ge de resine d'echange d'anions et de resine 
d'echange de cations, chacun desdits sous- 
compartiments (98) ayant une largeur, definie 
par la distance entre lesdites nervures, compri- 
se entre 0,762 cm et 10,16 cm et une 6pais- so 
seur comprise entre 0,127 cm et 0,635 cm, 
Tdpaisseur desdits sous-compartiments (98) 
etant d§finie par la distance entre une mem- 
brane (30) permeable aux anions et une mem- 
brane (26) permeable aux cations \\6es h cha- 55 
cune desdites nervures (99), sur la longueur 
desdites nervures (99), et audit element d'es- 
pacement (28), chacun desdits compartiments 



2. L'appareil selon la revendication 1, dans lequel 
la largeur desdits sous-compartiments (98) est 
comprise entre 1,27 cm et 3,81 cm. 

3. L'appareil selon la revendication 1 , dans lequel 
Tepaisseur desdits sous-compartiments (98) 
est comprise entre 0,1524 cm et 0,3175 cm. 

4. L'appareil selon Tune quelconque des revendi- 
cations 1,2 et 3, caracterise en ce qu'il com- 
porte des moyens (90) dans lesdits comparti- 
ments de concentration (22,24) pour effectuer 
un ecoulement turbulent dudit second liquide. 

5. L'appareil selon Tune quelconque des revendi- 
cations 1,2 et 3, caracterise en ce que le 
rapport en volume de la r6sine d'echange 
d'anions & la resine d'echange de cations dans 
lesdits compartiments d'appauvrissement en 
ions est compris entre environ 2,0 et 0,5. 

6. L'appareil selon I'une quelconque des revendi- 
cations 1, 2 et 3 comporte deux ou plus de 
deux etages (12) de separation. 
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